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Design Principles for Deployable Fibers Inspired by Hag sh

Defense
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Andrew Lowe, Douglas S. Fudge,* Sameh H. Taw ck,* and Randy H. Ewoldt*

Hag sh produce extraordinary slime as a defense mechanism, releasing
exudate from glands that rapidly form a brous, soft, ultra-dilute,
water-capturing network upon contact with seawater (up to times its
original volume). The gland thread cell (GTC) produces high-strength protein
threads ( lament diameter d; = m) meticulously coiled into skeins (coil
diameter D, m) that rapidly unravel upon deployment to reveal their
hidden length (L; =  cm), forming a cohesive brous slime network through
interaction with mucin vesicles and seawater. To date, no engineered material
is able to replicate the ber uncoiling mechanics observed in slime, which are
responsible for the unique set of mechanical properties that slime exhibits.
Focusing on fundamental physical mechanisms rather than speci ¢
biochemistry or biomaterials, it is demonstrated that how existing materials
and manufacturing processes can be used to achieve comparable functional
performance. To engineer rapidly deployable soft materials inspired by hag sh
slime, this work establishes design principles for synthetic skeins used to
create the rst-ever deployable synthetic skeins. Four design principles are
revealed for engineering synthetic skeins: ( ) the mechanics of high-strain

ber coiling and uncoiling, ( ) adhesives to maintain elastic energy in
non-equilibrium deformed states, ( ) uid-mediated deployment of coiled

bers, and ( ) the individual ber sti ness and size needed to result in a soft,
deformable brous network. As proof of concept, the rst successful
fabrication of synthetic skeins with tightly coiled threads arranged in
controlled packing geometries is demonstrated. These synthetic structures
undergo uid-mediated unraveling under ow, replicating the deployment
behavior of their biological counterparts and demonstrating the feasibility of
engineered, deployable brous networks.

. Introduction

Nature often unveils solutions to engineer-
ing challenges in the most unexpected
ways, and the hag sh an ancient, eel-like
marine creature is a prime example. The
hag sh is renowned for its ability to se-
crete a unique slime that acts as an e ec-
tive defense mechanism by clogging the
gills of predators.. ! Hag sh slime is an
extraordinary material formed from glandu-
lar exudates that rapidly expand into a cohe-
sive and elastic hydrogel upon contact with
seawater. This defense mechanism involves
ejecting a small amount of biomaterial (ex-
udate) into the water, which expands up to
times its original volume to form a
cohesive, mucus-like mass, capable of po-
tentially choking predators! ! (Figure a).
This unique property makes hag sh slime
the most dilute hydrogel known and an un-
paralleled example of uid-structure inter-
action. The slime consists of two primary
components: mucus produced by gland
mucous cells and  brous threads produced
by gland thread cells (GTC) (Figure b).
The GTC is a marvel of biology and a
key to the hag shs survival. It produces
protein threads (diameter d; = m)
of exceptional strength ( MPa), sti -
ness (E; MPa), and length (L;
cm), which are meticulously coiled into
conical loop arrangements (skeins) within
the cytoplasm!: 1 (Figure b). Upon
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Figure . a) Hag sh slime gland exudate contains two main solid components - thread skeins that consist of a single coiled intermediate lament
bundle, and mucin vesicles. A skein unravels rapidly under the hydrodynamic forces from the surrounding ow eld. The unraveled threads and mucus
entrain a large volume of water to form a cohesive network (adapted with permission from Hossain et al. ( )L 1). b) From upper left going clockwise:
Optical image of hag sh exudate showing thread skeins (arrows), mucin vesicles (arrowheads), and inset of thread in its initial conical loop arrangement

(height of the skein is m) (reused with permission from Herr et al. (
length (reused with permission from Chaudhary et al. (
with permission from Hossain et al. (
etal. () ).

deployment, these threads unravel, interacting with mucin vesi-
cles and seawater to create the slime s cohesive networkl - -
(Figure Db). This unraveling process occurs rapidly, aligning
with the timescale of a predator attack, taking place within
seconds.l ! The resulting brous network forms a soft solid ma-
terial with a linear elastic shear modulus of G . Pa for
timescalesof . s t s, making it one of the softest biomate-
rials known.l 1 Under extensional ow, hag shslimesti ensinto
a gill-blocking mesh, while under shear ow, it rapidly collapses
to prevent self-entanglement.[ !

Currently, no synthetic material possesses the unique physical
properties of hag sh slime, particularly the mechanism of un-
raveling coiled bersto forma brous water-capturing network.
In nature, thread skeins exhibit an extraordinary hidden length
ratio of approximately , uncoiling from an initial size of

about m to a length of cm.! I Current state-of-the-art
superabsorbent materials (SAMs) exhibit a swelling capacity of
up to times their mass in seawater, with more typical SAMs

achieving swelling factors of around [ ! In stark contrast,
a small quantity of material ( mg dry weight) ejected from
hag sh slime glands into seawater can transiently generate ap-
proximately kg of slime, representing a remarkable -fold
mass increase.l - 1 This is particularly impressive given that the
swelling capacity of SAMs in saline solutions is typically reduced
by one to two orders of magnitude.l !

It remains an open question whether precisely mimicking the
exact properties of hag sh thread skeins is necessary for fab-
ricating deployed synthetic ber-based water-capturing materi-
als. Mimicking speci ¢ elements of hag sh slime, especially the
unique hag sh threads, presents substantial technical challenges
due to their inherent complexity. Is it necessary to precisely repli-
cate the dimensions and mechanical characteristics of natural
skeins, e.g. could larger or sti er threads achieve the same func-
tional behavior? Here, we propose a bioinspired design perspec-
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) Tand Knight (U 7). A single skein unraveled to expose the hidden

)U 1), Image of hag sh slime produced by mixing hag sh exudate with seawater (reused
)U 1). Microscope image of the slime showing the unraveled bers (reused with permission from Chaudhary

tive that seeks to replicate the functional deployment behavior of
hag sh slime threads without requiring an exact match to the
natural thread dimensions or mechanics.! !

Observations of natural skeins and the slime formation pro-
cess (Figure ) lead us to identify four functional requirements
associated with the hag sh slime formation (Figure ). First, the
skeins undergo a coil-uncoil transition to reveal a hidden length
far greater than their coiled size. Second, elastic energy may be
retained in a non-equilibrium state, either before unraveling if
the ber sequilibrium is uncoiled or after unraveling if the equi-
librium is coiled. Third, the transition from coil to uncoil oc-
curs rapidly under uid ow, facilitating swift network forma-
tion. Fourth, a collection of uncoiled bers forms a soft, brous
network after deployment, capable of undergoing large deforma-
tions without failing. Multiple engineering strategies could ad-
dress these requirements, including controlling the equilibrium
state of the skeins (coiled or uncoiled) and leveraging manufac-
turing methods such as embedded D printing [ !in yield-
stress uids.

Here, we study how to achieve these functional requirements
from an applied mechanics perspective, developing mathemati-
cal scaling relations, approximate analytical models, and result-
ing design principles, and ultimately the rst-ever creation of syn-
thetic deployable thread skeins. Hag sh skeins are hierarchically
assembled from proteins to intermediate laments ( nm) to
skein threads ( m). Our focus is on thread-level properties,
independent of or agnostic to the material chemistry of the thread
composition. We are not aiming to imitate synthetic proteins;
instead, we aim to replicate larger-scale bers that can achieve
the functional properties of deployability and network forma-
tion. Our bioinspired engineering approach integrates princi-
ples from solid mechanics, uid mechanics, rheology, and soft
matter physics. Although no synthetic material currently repli-
cates the extraordinary properties of hag sh slime, by focusing
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Proposed functional requirements for bioinspired synthetic skeins

/ Hold elastic energy \

Coil-uncoil

Figure . Proposed four functional requirements for synthetic skeins to replicate hag sh slime behavior. From upper left going clockwise: Coil-uncoil

transition to reveal a signi cant hidden length (adapted from Winegard et al. (
equilibrium state before unraveling (reused with permission from Bernards et al. (
) 1), and deployment in ow (reused with permission from Chaudharyetal. (  )[ ).

Rementzietal. ()l 1and Chaudhary et al. (

on fundamental physical mechanisms rather than speci c bio-
chemistry or biomaterials, we demonstrate how existing materi-
als and manufacturing processes can be used to achieve compa-
rable functional performance. Using the design framework, we
fabricate synthetic skeins using the recently developed method
of D printing by solvent exchange ( DPX);l ! we demonstrate
complex coil topology with signi cant hidden length that unrav-
els in ow without tangling or breaking, replicating functional
requirements of the natural system.

. Principles of Tight Elastic Packing and Uncoiling

Hag sh slime contains thousands of intermediate lament
threads (d; m) packed into m skeins that unravel
to cm lengths.l 1 Engineering an analog requires coiling

threads into skeins and uncoiling them during deployment to
achieve the target hidden length.

One challenge lies in avoiding material failure while undergo-
ing signi cant strain during the coil-uncoil transition. This re-
quires addressing constraints related to packing density, mate-
rial strain-to-break limit ( ,.,), ber diameter (d;), and overall
packing diameter (D,). Successfully engineering such a system
demands a balance between geometric and material properties.

A key question is whether replicating the exact properties of
hag sh threads is necessary or if a broader design framework
can achieve similar functionality. By densely packing thin, de-
formable bers, we expect to replicate the performance of hag sh
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) Tand Hossainetal. ()l 1), hold elastic energy in the non-
)L 1), form a soft brous network after deployment (adapted from

threads; however, thicker soft bers or thinner, less deformable
bers may also su ce, and we analyze the design trade-o s be-
tween ber size, packing density, and strain limits.

Here, we quantify the strain ( ) associated with the coil-uncoil
transition required to achieve a hidden length ratio ( ) for a
nested cylindrical coil (Section . ) and complex topologies (sec-
tion . ) asa function of relevant parameters such as ber diam-
eter (d;), packing diameter (D,), and in Il void ratio (  ,;,/D,),
which determines how compactly the thread must be packed to
achieve the desired hidden length. The resulting framework is
versatile and can be extended to other topologies, providing a
foundation for a wide range of coil-uncoil transition systems be-
yond the biomimetic conditions.

. . Results: Cylindrical Coil Topology

Consider a simple case where the thread is arranged in a nested
cylindrical coil topology, characterized by its largest feature size,
D, (e.g., the coil s outer diameter), and a total ber length, L;,
which, when fully uncoiled, spans an approximate end-to-end
distance L (Figure a). Fully uncoiled means that the ber is geo-
metrically straightened relative to its initial coiled con guration,
independent of whether elastic energy or stresses remain. D, is
directly related to the fabrication process, representing the max-
imum allowable diameter constrained by the available space or
volume within the fabrication method. This constraintin uences
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Figure . Principles of tight elastic packing and uncoiling. a) Schematic of a nested cylindrical coil topology with outer diameter D,, thread diameter

d¢, and minimum radius of curvature

Feature size ratio D,/d; as a function of in Il void ratio

min - After uncoiling, it reveals a total end-to-end length L with a nal radius of curvature distribution

1(s). b)

min /D, (coil tightness) and hidden length ratio ,,, for cylindrical coils. More in Il (lower

min /Do) enables more compact D,/d; for a given hidden length ratio ., . ¢) Maximum strain required for full coil-uncoil. Tighter coiling necessitates
larger strains. d) Schematic showing concepts of di erent ., and .. €) Curvature distribution for two complex topologies. Insets illustrate the skein
con gurations with distinct hidden length ratios. f) Feature size ratio D,/d; for the two complex topologies as a function of in Il void ratio

min /Dov

with vertical lines representing the range of void ratios corresponding to the most frequently observed curvature values in panel (e).

how bers can be packed within the skein-like structure and de-
termines the achievable hidden length upon uncoiling. This sim-
pli ed model helps identify the critical parameters that must be
addressed, even for more complex geometries.

The key parameter associated with the coil uncoil functional
requirements is the hidden length ratio, , de ned as the ratio
of uncoiled to coiled size: = Di. The maximum hidden length

o

ratiois ., = I;—’, which corresponds to the case where the ber

is completely straightened. Another important parameter is the
feature size ratio, D,/d;, which compares the coil diameter D,
to the ber diameter d;. The feature size ratio is related to the
fabrication process, as fabrication is likely more di cultat higher
values of D /d;, i.e. di culty increases to fabricate a smaller ber
diameter d; for the same overall build size D,.

Consider a single ber arranged on nested cylindrical paths
where the outer diameter of the cylinder is D, and the height
of the coiled cylinder is H = D, (the aspect ratio of one, a nom-
inally compact topology). For a given outer diameter D,, more

ber length can be included if the inner void is lled, requiring a
coil tightness with local radius of curvature <D,/ . With this
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nested cylinder topology (Figure a), the ber IlIs the inner void
to an inner diameter D;, which is related to the minimum radius
of curvature of the ber, ., =D,/ .Thetotal berlength L, re-
lates to the number of layers n along the height and the number
of nested loops m per layer, which gives Ly = mn (D, md;) in
the limit of d;  D,. Relating n and m to geometric parameters,
where n = H/d; = D,/d; and m = (D,/ min )/d;, substituting
into the hidden length ratio as ., = L;/D,, and grouping into
dimensionless terms gives

= = __min . ()

max df D0

Key dimensionless parameters are revealed by Equation , in-
cluding D,/d; and the ratio of the coil tightness to the outer di-
ameter,  i,/D,, which can be interpreted as the in Il void
fraction, since the amount of void goes to zero (fully- lled) as
min . Figure b represents the tradeo s between D,/d; and
min/D,. Decreasing the void amount enables more compact

D,/d; foragiven .However, although ., maximizes .
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to .= )D, d),itmay be physically unachievable since
it would require in nite strain to uncoil and straighten a ber
with zero radius of curvature. Synthetic skein architecture gener-
ated from nested cylindrical coils ( ., = ,H=D,= mm)
is shown in Figure S a (Supporting Information).

During the coil uncoil transition, the maximum strain .,
must remain below the material strain-to-break limit ., to al-
low full uncoiling without fracture. Using classical beam bending
kinematics, the maximum tensile or compression strain gener-
ated when a ber transitions from an initial radius of curvature

min {0 @ New curvature  is given by

d
=21 — . ()

min f

This relation describes the value of the strain at the outermost
radius by assuming small-strain, linear-elastic deformation and
applies to bers with circular cross-sections under the assump-
tionthat ;, d. To fully straighten, , the maximum
strain becomes

max = : ()

Figure c illustrates the relationship between | |, and the
in Il void ratio, showing that strain increases and approaches in-
nity as the void ratio approaches zero (fully- lled con guration).
While | |, appears inversely related to , this is because for a
given curvature, higher hidden length requires thinner bers,
which experience less strain for the same change in curvature.
This formulation assumes that the ber behaves as a slender elas-
tic beam, where bending dominates over stretching, and is valid
under the condition d;. While the assumption breaks down
in the extreme case of ;, , however for d;  D,, the frac-
tion of ber length experiencing such tight curvatures is small
relative to the total ber length. Thus, despite its limitations, this
beam-based strain model provides a physically reasonable and
conservative estimate of the maximum strain during the coil
uncoil transition for the majority of the ber.

Figure dshows aschematic with the same outer coil diameter
but di erent hidden length ratios and varying strain during un-
coiling. By specifying a target and D,/d; from a manufacturing
standpoint, the required  ;,/D (coil tightness) can be approx-
imated using Equation and the resulting | |, in the thread us-
ing Equation . Conversely, given a material with known strain-
to-break .. targeted , and D,, the required d; and ;, can
be obtained. These parameters form the basis for establishing
design guidelines, providing insight into how to balance mate-
rial properties and geometric constraints to achieve the desired
performance. Moreover, the principles derived from this analy-
sis are generalizable as we will see in the next section, enabling
their application to more complex topologies and informing the
engineering of synthetic skeins across diverse con gurations.

. . Results: Complex Topology
We apply the framework established in the previous section to

a complex topology as shown in the inset of Figure e and
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in Figure S b,c (Supporting Information). Inspired by natural
skeins,! 1the topology is generated using a combination of para-
metric equations and numerical interpolation to de ne helical
structures with varying radius and height (see Supporting Infor-
mation: Complex topology). These topologies serve as the basis
for fabricating engineered synthetic skeins. Two di erent hidden
length ratios: . = and . = ,where ., =L/H,
and L; is the total arc length of the helical path, d; m and

m, respectively,and D, = H=mm is the outer dimension of
the topology, are considered. The smaller pitch produces a more
compact initial con guration, resulting in a higher hidden length
ratio ( compared to ) when uncoiled. Our objec-
tive is to determine the tradeo s between ber diameter d; and
material property ..., to meet the coil-uncoil requirements for
this topology.

The radius of curvature distribution  (s), where s is the
arc length coordinate, is analyzed to understand the geomet-
ric characteristics of the synthetic thread topology. The prob-
ability density is constructed using Kernel Density Estima-
tion (KDE) to capture the likelihood of di erent radius of cur-
vature values occurring along the thread s length as P( )=

— e L2 whereh= mm is the smooth-

ing bandwidth that controls the degree of smoothing, N =
is the total number of radius of curvature data points used to con-

struct the distribution, and b p( )d = .Theprobability den-
sity, shown in Figure e, highlights values of radius of curvature,

, most frequently observed (mode(s) of the KDE distribution).
Higher probability density corresponds to values of  that are
more prevalent in the topology, indicating thread sections with
consistent or repeated curvature. Increasing shifts the coil ge-
ometry toward tighter packing, with more segments exhibiting
lower . With this con guration, higher necessitates more ex-
treme bending, increasing the mechanical demandson ber ex-
ibility.

We can relate the in Il void ratio,  ;,/D,, and the feature
size ratio, D,/d;, using equations obtained from the nested cylin-
drical topology as illustrated in Figure f with vertical lines rep-
resenting the range of void ratios corresponding to the most fre-
quently observed curvature. This reveals that D,/d; is relaxed for

max =  » with values close to , approximately three times
less than . = . Thus, to achieve a sevenfold higher
with the same D, the thread diameter d; must be at least three
times smaller.

The curvature distributions allow us to estimate the strain
associated with uncoiling for these topologies. Both topologies
share a mean radius of curvature, = mm, thus the as-
sociated mean strain is proportional to the thread diameter d;
and, interestingly, less for skein topology with a higher (as
one needs to use smaller d; to achieve the required ). In this
case, a ber diameter d; = m requires a material with .,

. %. Larger ber diameters d; are acceptable and can even
simplify the manufacturing processes. However, this comes with
a trade-o as larger d; increases the strain demands during un-
coiling, necessitating materials with higher .. As fabrication
becomes more accessible at larger scales, material selection be-
comes more restrictive. Moreover, complete straightening of the
threads after unraveling is not always necessary, and observation
of natural slime in Figure reveals remnant curvature in the un-
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Strategy I: uncoiled rest state

Solid fiber extruded into adhesive

Strategy II: coiled rest state

solidification
of fiber

(e.g. curing)

Liquid extrusion printing

Equilibrium is coiled
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adhesive

(pH, T, etc.)

Coiled state held by adhesive  Uncoils to equilibrium passively

external flow

uncoils

Uncoiled state held by
surrounding network (not shown)

Figure . Two di erent strategies are proposed to achieve the goal of a targeted hidden length ratio, each based on a distinct equilibrium condition for
the thread. In Strategy I, solidi cation occurs before extrusion, with the equilibrium state being the extended con guration (uncoiled rest state). The
thread stores elastic energy in the coiled state with the assistance of adhesives. Upon dissolving the adhesive, the thread returns to its extended form.
In Strategy Il, solidi cation occurs after extrusion, where the equilibrium state is the coiled con guration (coiled rest state). External ow forces are
required to stretch the ber into the extended state and hold it in a non-equilibrium state that overcomes the thread s natural tendency to remain coiled.

raveled threads. Quantitatively, the fully uncoiled con guration
corresponds to the geometric limit where there is no slack (dis-
cussed in section . ). A material with a lower ., can also be
selected if the ber is not required to fully unravel into a straight
con guration, i.e., from Equation , ; being nite rather than
in nite will relax the requirement on ..
In summary, the strain requirements for uncoiling are closely
linked to ber diameter d; and hidden length ratio , with smaller
ber diameters, d;, reducing strain demands but presenting
greater manufacturing challenges. While larger d; values simplify
fabrication, they require materials with higher strain-to-break
limits to enable full uncoiling. These trade-o s must also con-
sider other functional requirements, leading to the next key ques-
tion: how can bers be held in a coiled or uncoiled state while
resisting the release of their stored bending energy?

. Principles of Holding Elastic Energy in A
Non-Equilibrium Condition

Elastic restoring forces are important for deployable ber net-
works, as bers inherently seek to return to their equilibrium
con gurations. In the worst case, assuming fully elastic behav-
ior and negligible plastic deformation, both coiled and uncoiled
states may contain signi cant stored elastic stresses. This behav-
ior, inherent to natural skeins, becomes a critical design chal-
lenge for synthetic skeins. Synthetic skeins can be designed and
fabricated with either (i) an uncoiled rest state, where stored elas-
tic energy drives uncoiling and maintains the extended con gu-
ration, or (ii) a coiled rest state, where the ber remains coiled
until ow initiates unraveling, requiring external constraint to
maintain a non-equilibrium extended con guration (Figure ).

Adv. Sci. e e (of )

Both strategies rely on maintaining an elastic ber in a non-
equilibrium state, e.g. achieved by adhesives/encapsulants/yield
stress uids that mimic the role of the natural skein adhesive,
where the yield strength of the surrounding material serves as
the key metric for providing restraining forces.

The design space involves key trade-o s: larger d; will ease fab-
rication but may require extremely large yield strength  of the
surrounding medium to hold non-equilibrium conditions, while
smaller d;, though harder to manufacture, is easier to maintain
in a non-equilibrium state with lower .. Such trade-o s can ex-
pand the design framework beyond biomimicry, enabling the ra-
tional selection of ber properties to balance manufacturing con-
straints and network deployment.

Here, we analytically model how the yield strength ; of the
surrounding relates to the ber diameter d;, modulus E;, and ra-
dius of curvature  to hold an elastic ber in a non-equilibrium
state (Section . ), followed by experimental tests of the theory
(Section . ).

. . Results: Required Yield Strength to Hold the
Non-Equilibrium State

Strategy | (Figure ) considers solidi cation before extrusion (ex-
tended rest state). In this case, the adhesive/encapsulant/yield
stress uid holds the ber in a coiled state, e.g., to hold a certain
curvature of the thread, resisting the elastic sti ness of the ber,
which would otherwise spring back to a straight con guration.
The stored elastic energy can be responsible for passive unrav-
eling if the thread has su cient elasticity. Manufacturing tech-
niques to extrude solid bers into a yield stress medium in com-
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Figure . Holding elastic bending of bers within ayield stress uid. a) local moment balance, b) non-local moment balance fora ber held in a U-shape.

c) Experiments with thread E; GPa, d;= .
stress uid (Carbopol wt%, pH
curvature for threads of two di erent lengths with E; MPa, d; = .
stable radius of curvature for threads of two di erent lengths with E;

mm and y=

plicated trajectories are restricted to larger thread diameters.! !
However, this method takes advantage of a passive unraveling
process, which occurs automatically once the medium dissolves,
allowing the stored elastic energy to return the thread to its
original, straight con guration. The proof-of-principle is demon-
strated in Figure S (Supporting Information), where a soft elas-
tic ber is con ned in a Carbopol yield-stress gel ( , = Pa)
and was maintained in a non-equilibrium coiled state. Upon gel
dissolution in NaCl solution, it recoils to its equilibrium con g-
uration.

Strategy Il (Figure ) involves solidi cation occurring af-
ter extrusion, resulting in a coiled rest state. This approach
aligns with polymer processing and additive manufacturing
processes,! + Twhere the intrinsic elasticity of the ber does
not induce spontaneous unraveling, and requires external forces
to unravel. If the elastic stress stored in the extended state is not
adequately managed, the threads can recoil and collapse without
a surrounding network or yield stress uid.

In both strategies, the required yield strength of the surround-
ing medium will be a function of thread properties and geometry,
i.e., sti ness, cross-section, length, and curvature. As a base case,
assuming linear elastic deformation of a lament with a circular
Cross section, we can write

y =P dr, L) ()
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Pa showing the equilibrium minimum radius of curvature in a Carbopol microgel yield
)- The inset shows the curvature distribution along the arc length of the thread. d) Minimum stable radius of

mmand | =
GPa, df =

. Pain Carbopol microgel ( . wt%, pH

. mm and y= . Pa All scale bars are cm.

). €) Minimum

where E; is the elastic modulus of the ber, d; is the diameter,

is the local radius of curvature, and L; is the total length of
the thread. This simpli ed model neglects e ects such as vis-
coelasticity of the medium, material anisotropy, and geometric
imperfections, which may become important under speci ¢ con-
ditions. Using the Buckingham  theorem on Equation results
in a reduced relationship between dimensionless groups that we
can write as

== - - ()

To get insight into the functional dependence of /E; on geo-
metric parameters, we consider the case of a ber placed inayield
stress uid, where the yield strength ; corresponds to the mate-
rial yield stress . A similar framework also applies to adhesive
systems, where the resisting force is governed by the adhesive
strength rather than a bulk yield stress. An elastic ber with a cer-
tain curvature embedded within an unyielded yield stress uid is
statically indeterminate because the exact distribution of resist-
ing stress from the surrounding medium is unknown. However,
we can gain insight by considering limiting cases.

Figure a considers a worst-case setting where the gel resists
only over a small region near the free end of the lament. For
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example, the yield stress of the gel can provide a resisting resul-
tant torque that opposes the internal bending moment generated
by the ber s curvature. Considering a local moment balance, us-
ing classical beam theory, we can estimate the minimum resist-
ing surrounding stress required to sustain this bending. The lo-
cal internal bending moment in the ber is M = E{/ , where
I= d is the second moment of area and  is the local ra-

dius of curvature. We assume the yield stress uid applies a local
force couple over a distance of d;, where is an order one di-
mensionless coe cient acknowledging the unknown length of
the distributed load. The total resisting force per unit length ex-
erted by the surrounding yield stress uid is then approximated
as  *d;, generating a resultant moment M = d;+ ( d;) . The
internal moment in the ber may depend on the distance away
from the free end, with a characteristic moment located at the
small distance  d; from the free end. At that location, balanc-
ing the moments and solving for the required yield strength
gives

ys

Efdf
ys:___' ()

This expression highlights key trends: tighter coils (smaller )
require higher yield stress, sti er bers (larger E;) and thicker

bers (larger d;) are more di cult to bend. This form is consis-
tent with the classical internal bending stress expression and pro-
vides a useful scaling framework for estimating the yield strength
required to maintain ber curvature within a yield stress uid.
Experimental observations with actual threads (Figure c) reveal
that Equation may be reasonable for a free end of a thread (e.g.,
minimal curvature near the free ends in Figure c), but does not
predict the tight curvature in the interior regions of the thread,
suggesting that it indeed represents a worst-case scenario. We
hypothesize that the nonlocal e ects must be considered to un-
derstand how moments are generated to maintain a bend in the
long lament.

Figure b considers nonlocal e ects where the resultant force
on the thread is distributed over a certain length scale . Approx-
imating the force as uniformly distributed over the length and
applying a moment balance yields (see Supporting Information
for details)

Ed,

y=— — for = ()

Ed,
- — for =L . ()
Lf

ys

Equations and give the best-case scenario, i.e., the lowest yield
strength required. As an example calculation, for a native hag sh
thread of E, = MPa,d;= m, = mand L; = m,
Equations , ,and resultin predicted required yield strengths

of kPa, kPa, and kPa, respectively. Increasing the di-
ameter to d; = m, e.g., due to manufacturing constraints, in-
creases  in each case. Thus, increasing d; will constrain  for

the same yield strength of the surrounding material.
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. Results: Experiments on Holding Coiled Fibers Using Yield
Stress Fluids

Simple experiments were conducted where a thread is placed
in a yield stress uid as shown in Figure c e to validate the
modeling. We used wt% (Figure c)and . wt% (Figure d,e)
Carbopol microgel systems as model yield stress mediums.
Dynamic yield stress ( ,) of Carbopol microgel was obtained by
tting steady shear rheometry data to a Herschel-Bulkley equa-
tion of the forml 1 = = + st | (Figure S, Support-
ing Information, adapted from Hossain et al.l 1). Commercially
available polyamide/polyurethane threads with diameters of d; =
, . mm were carefully embedded in the uid to repli-
cate the schematic shown in Figure b, initially at high curva-
ture, which relaxed to a stable (lower) curvature when external
force was released. The Young s modulus of the bers was mea-
sured using a torsional xture on an ARES-G rheometer in ax-
ial mode (Figure S , Supporting Information), which gives E;
MPa (polyurethane, Figure d), and GPa (polyamide,
Figure c,e). Forthecon guration in Figure c,athread segment
(E; GPa) approximately . cm in length was placed in the gel
such that one end was xed while the other end remained free
to move (Figure S , Supporting Information). The curvature dis-
tribution of the thread along the arc length is shown in the inset
of Figure c with an average radius of curvature at the middle
section = . cm. Equation predicts the minimum required
yield strength Pa for this setting, which aligns with the
fact that the yield stress of the microgel in Figure cis Pa.

Figure d and e present the resulting radii of curvature for

bers with a diameter ofd; . mm embedded in Carbopol mi-
crogel with a yield stress of , = . Pa. The non-equilibrium
radius of curvature, , plays a central role in design, as it dic-
tates the non-equilibrium shape for a given d;, L;, and 4,. For
the softer ber (E; MPa) shown in Figure d, inverting Equa-
tion and predicts equilibrium radii of curvature of approx-
imately = mmand = . mm for thread lengths of L;
= mmandL;= mm, respectively. The experimentally ob-
served radii of curvature, = mmand = mm, are in rea-
sonable agreement with these predictions.

Forthesti er ber(E;,  GPa)shown in Figure e, the model
of Equations and predict larger stable radii of curvature of
approximately = mm and mm for thread lengths of
L = mm and mm, respectively. However, the experi-
mentally observed curvatures are smaller, with = mm and

mm, respectively. Notably, the equilibrium con guration of
this ber within the gel di ers substantially from the idealized
model geometry depicted in Figure b. This discrepancy indi-
cates a regime where more advanced modeling approaches are
needed to accurately capture the complex, nonlocal interactions
between elastic threads and yield-stress uids.

Our current model assumes linear elastic behavior, neglecting
potential nonlinear elasticity or plastic deformation of the ber,
particularly at high strains. Additionally, the lament geometry
is simpli ed to a uniform U-shape, whereas real threads may
display complex, multiscale curvature and non-uniform packing.
Furthermore, we assume a simple yield-stress uid model, ne-
glecting any viscoelastic deformation before yielding. We also
note that material-speci c e ects, such as the moisture sensitiv-
ity of polyamide bers, can lead to small changes in modulus and
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diameter over long immersion times,! ! although such swelling
e ects are likely negligible, especially under the short (  min)
immersion times used in our experiments. These complexities,
while beyond the scope of the present model, may be required for
accurate performance prediction and could be addressed in fu-
ture work. Nevertheless, the design principles revealed by the an-
alytical model, and Equation speci cally, provide critical guid-
ance for material selection and sensitivity to geometric parame-
ters.

In summary, the required |, scales directly with E; and d,
and inversely with . Consequently, smaller and softer bers de-
mand lower yield strengths of the surrounding, whereas tighter
coils (smaller ) require higher yield strength to retain the elas-
tic energy of the ber in its non-equilibrium state. In this analy-
sis, we have focused exclusively on elastic bers, ensuring that
the coil-uncoil transition does not induce plastic deformation.
Introducing plasticity would reduce the yield strength require-
ment, as the ber would no longer seek to recover its original
shape; however, yield stress uids may still be necessary to coun-
teract other e ects, such as gravitational sagging of the skein
in both strategies! - ! (see Supporting Information for details).
Importantly, our results con rm the feasibility of using yield-
stress uids/adhesives to maintain manufacturable d; in a non-
equilibrium con guration. Notably, larger d;, which is advanta-
geous from a manufacturing perspective, remains feasible when
combined with higher , provided that the yield strength is ap-
propriately selected.

. Principles of Fluid-Mediated Unraveling of
Coiled Elastic Fibers

Coiled hag sh threads are released and unravel very quickly in

uid ow (a few hundred milliseconds); the short time is im-
portant for their functionality. Chaudhary et al. 1 demonstrated
theoretically that viscous hydrodynamics can dominate this pro-
cess, enabling unraveling in less than s, comparable to the nat-
ural slime formation timescale. Crucially, unraveling occurs only
if the viscous drag exceeds the skein s peeling resistance, char-
acterized by the peeling number , with the unraveling time
subsequently determined by the ow strength.l - ! However, it
is essential to recognize that natural skeins likely involve addi-
tional complexities and unknown factors, such as biological ad-
hesion mechanisms and chemistry, which may further in uence
unraveling dynamics. Although the biological scenario of unrav-
eling is complicated by the surrounding seawater, which trans-
mits forces through the mucus matrix,l 1 here the yield-stress
medium serves as a simpli ed analogue, either mediating stress
transfer under ow or acting as a dissolvable capsule under qui-
escent conditions.

We consider a range of possible synthetic approaches for un-
raveling, e.g., with or without passive uncoiling (Figure ). If an
adhesive/yield stress uid maintains the ber in a coiled state by
resisting its elastic restoring force (strategy 1), then rapid disso-
lution of the medium, e.g., as can be triggered by temperature
or pH changes for yield stress uids, as in PluronicF [ lor
Carbopol,l T could release the stored elastic energy to drive pas-
sive unraveling. On the other hand, threads can unravel due to
external ow as the surrounding uid (or yield-stress gel) trans-
mits hydrodynamic forces from the ow to the ber (strategy I1).
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Two key aspects must be considered: the extent of unravel-
ing and the unraveling timescale. Smaller d; may lead to longer
unraveling times due to lower stored elastic energy (strategy I)
and reduced viscous traction (strategy Il1). In strategy I, unravel-
ing proceeds upon adhesive/yield stress uid dissolution; in con-
trast, strategy Il depends on whether uid forces can overcome
the bending resistance of the ber.

Here, we establish scaling relations that link the thread prop-
erties (d;, E;, L) to the uid properties (considering viscoplas-
tic uid with yield stress ) and the hydrodynamic ow condi-
tions (, ) necessary for unraveling with strategy 1l. We show
that unraveling can occur for bers with a higher modulus and
larger diameter compared to hag sh threads, given su cient

ow strength. High- delity modeling, such as solving the full
governing equations of uid ow with elastic ber and surround-
ing medium interactions, is not considered here, as its necessity
is not yet clear. We also gain insights into the unraveling time
tunravel USING @ Non-Brownian bead-spring model, to understand
the hydrodynamic ows (strain rates , ) required for unraveling
a hidden length ratio

. . Results: Unraveling Criteria for Elastic Fibers in a
Viscoplastic Medium

The unraveling of natural skeins can be driven by viscous drag
forces, which must overcome the peeling resistance of the bers.
The dimensionless ratio of viscous drag to peeling resistance,
denoted as the Peeling number = F,/F;, dictates the onset
and speed of unraveling.l 1 When s large, unraveling occurs
rapidly, approaching a kinematic limit where the local ow di-
rectly advects threads.

While the Peeling number captures the balance of drag and ad-
hesion, an alternative but related perspective considersthe bers
bending resistance as the primary barrier to deformation, espe-
cially in synthetic systems or non-adhesive media. For a ber
in a Newtonian uid, the local balance between viscous forcing
and elastic restoring forces modeled using slender body theory
(SBT) or bead-spring representations leads to a dimensionless
parameter! !

p— st
AT Q)

wherec=In[e(d/( Ly)) ], Lsisthelengthof ber, isthesolvent
viscosity, and is the ow strength. When ,the uid ow
overcomes the bending resistance of the ber. This scaling can
be inverted to yield a critical shear rate criterion, where unravel-
ing occurs when the applied shear rate exceeds a threshold value
determined by ber sti ness and geometry: .  E;d (L))

In non-Newtonian environments such as yield-stress uids,
unraveling requires that the applied ow stress rst exceeds the
yield stress of the surrounding medium to allow deformation,
and then surpasses the ber bending resistance to initiate un-
coiling. This sets a minimum required ow strength governed
by both the yield stress of the uid and the elastic bending sti -
ness of the ber, characterized by its modulus E; and geometric
second moment of area I.
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Figure . Fluid-mediated unraveling of coiled elastic bers. a) Experimental setup: optical access on a rotational rheometer with a custom-made glass
bottom plate attached with ~ © angle mirror. Coiled bers were printed in a petri dish containing yield stress uidsata mm distance from the center.
One end of the ber was rooted at the petri dish substrate during the printing process. A mm diameter parallel plate was used to impose controlled

ow to unravel the coiled bers. b) Regime map of conditions (symbols) with Elasto-Plastic number EP= L /(E¢l) and shear rate, along with the nal
experimental pro le of the ber (black line extending from anchor point). ¢) Time-lapse images showing uid-mediated unraveling of coiled bers with

two di erent thread diameters: (i) m and (ii) m. Scale bar is

To investigate the unraveling criteria for synthetic skeins, we
developed an experimental setup using a rheometer, as shown in
Figure a. Coiled springs were D-printed (using embedded D
printing by solvent exchangel ) from Styrene Ethylene Butylene
Styrene (SEBS) Block Copolymer with E;=  MPa,l 1 each with
a height and coil diameter of D, = mm and comprising three
turns, with one end anchored to a Petri dish during printing with
arange of ber diameters, d; = m (details of the print-
ing process, characterization of the ink and bath medium is pro-
vided in Experimental Section; Figures S and S , Supporting
Information). After printing the coiled springs in a yield stress

uid, the entire Petri dish was placed in a rotational rheometer
equipped with a custom-made glass bottom plate. A mirror
was positioned beneath the setup, with a camera directed at the
mirror to capture the rheometer from below. A mm parallel
plate was attached to the top, applying a constant rotation rate
to induce the unraveling of the coiled spring. Figure c¢ presents
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mm.

two examples: one witha ber diameter of m (i) and another
with m (i), both subjected to a shear rate (at the plate edge)
of s inayieldstress uidwith = . Pa.The ber with the
larger diameter (greater bending resistance) did not signi cantly
deform in the ow, unlike the thinner ber, which successfully
deployed (Movie S ).

Motivated by these observations, we seek to capture key in-
sights by modeling the ber as a cantilevered beam subjected to
distributed uid stresses. While the actual deployment of coiled

bers involves unsteady ow, complex geometries, and localized
deformations, a simpli ed model can still provide useful design
guidelines. In this model, the tip de ection under a uniformly
distributed load is given by = wL /( E;l) where w is the force
per unit length imposed by the surrounding uid, L is the coiled

ber length, E; is the elastic modulus, and I is the second moment
of area of the cross section(Figure a).[ 1 In parallel plate ow,
where the stress remains uniform along the height, the load on
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